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Abstract One factor limiting the understanding and eval¬ 
uation of biochar for soil amendment and carbon seques¬ 
tration applications is the scarcity of long-term, large-scale 
field studies. Limited land, time, and material resources 
require that biochars for field trials be carefully selected. In 
this study, 17 biochars from the fast pyrolysis, slow 
pyrolysis, and gasification of com stover, switchgrass, and 
wood were thoroughly characterized and subjected to an 8- 
week soil incubation as a way to select the most promising 
biochars for a field trial. The methods used to characterize 
the biochars included proximate analysis, CHNS elemental 
analysis, Bmnauer-Emmett-Teller surface (BET) area, 
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photo-acoustic Fourier transform infrared spectroscopy, 
and quantitative 13 C solid-state nuclear magnetic resonance 
(NMR) spectroscopy. The soil incubation study was used to 
relate biochar properties to three soil responses: pH, cation 
exchange capacity (CEC), and water leachate electrical 
conductivity (EC). Characterization results suggest that 
biochars made in a kiln process where some oxygen was 
present in the reaction atmosphere have properties interme¬ 
diate between slow pyrolysis and gasification and therefore, 
should be grouped separately. A close correlation was 
observed between aromaticity determined by NMR and 
fixed carbon fraction determined by proximate analysis, 
suggesting that the simpler, less expensive proximate 
analysis method can be used to gain aromaticity informa¬ 
tion. Of the 17 biochars originally assessed, four biochars 
were ultimately selected for their potential to improve soil 
properties and to provide soil data to refine the selection 
scheme: com stover low-temperature fast pyrolysis (highest 
amended soil CEC, information on high volatile matter/ 
O-C ratio biochar), switchgrass 0 2 /steam gasification 
(relatively high BET surface area, and amended soil pH, 
EC, and CEC), switchgrass slow pyrolysis (higher-amended 
soil pH and EC), and hardwood kiln carbonization 
(information on slow pyrolysis, gasification and kiln- 
produced differences). 

Keywords Biochar • Cation exchange capacity • 

Gasification • Nuclear magnetic resonance spectroscopy • 
Pyrolysis 

Abbreviations 

BET Bmnauer-Emmett-Teller (surface area) 

CEC Cation exchange capacity 

CP Cross polarization 

DP Direct polarization 

EC Electrical conductivity 

FTIR Fourier transform infrared spectroscopy 
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ICP-AES Inductively coupled plasmas atomic emission 

spectroscopy 

MAS Magic angle spinning 

NMR Nuclear magnetic resonance spectroscopy 


Introduction 

Biochar has been demonstrated to be a potentially benefi¬ 
cial soil amendment [1-5] and a carbon sequestration agent 
[6-10]. The scarcity of data from long-term or large-scale 
biochar application field trials in temperate climates, 
however, currently limits the ability of scientists and 
policymakers to evaluate this potential [11-15]. Biochars 
can be produced from a variety of cellulose-containing 
feedstocks such as biomass [16-18] and municipal wastes 
[19, 20], and by a variety of processes yielding bioenergy 
and chemical co-products such as bio-oil and syngas [21, 
22]. Biochar properties, therefore, can vary widely. As soil 
amendments, differences in biochar properties are expected 
to lead to differences in soil and crop responses [23]. To 
conduct field trials, large amounts of biochar (on the 
megagram scale) must be produced to achieve reasonable 
plot sizes, adequate replications, and realistic biochar 
application rates. Each biochar being tested should be as 
homogeneous as possible: produced from the same feed¬ 
stock and under well-controlled, consistent reaction con¬ 
ditions. To keep field trial resource requirements practical, 
the careful selection of biochars to be tested is critical. 
Biochar characterization is essential to improve the under¬ 
standing of biochar production-property relationships and 
to allow for meaningful pre-application biochar quality 
comparisons [3, 24-28]. Likewise, evaluation of feedstock 
availability, local energy needs, and demand for thermo¬ 
chemical co-products is important for selection of a biochar 
production process. The development of biochar screening 
methods that require relatively little time and provide as 
much location-specific information as possible is also 
desirable [29-31]. 

In this study, 17 biochars from the slow pyrolysis, fast 
pyrolysis, and gasification of com stover, switchgrass, and 
wood were available to be produced at Iowa State 
University or purchased on a 10-50 kg scale. The goal of 
this study was to narrow down the available biochars to the 
four or five most likely to give positive, measurable, and 
informative results under local soil conditions. The criteria 
used included basic biochar characteristics such as volatiles 
content (related to probability of short-term N immobiliza¬ 
tion [32]) and total carbon content (related to potential 
carbon sequestration [26]), carbon composition and aroma¬ 
ticity from advanced characterization techniques such as 
nuclear magnetic resonance spectroscopy (NMR) [25], and 


responses of three soil properties after a short incubation. 
The soil properties to be measured were selected based on 
responses observed in previous biochar studies: soil pH [3, 
33-37], cation exchange capacity (CEC) [1, 4, 36, 37], and 
electrical conductivity (EC) [33, 36, 38]. A short, semi- 
quantitative measurement of exchangeable/extractable cations 
in the biochars was also used to identify the primary 
components responsible for increases in EC. A secondary 
goal of this study was to identify patterns in biochar properties 
that might simplify biochar evaluation and selection. 

Materials and Methods 

Biochar Production 

Of the 17 biochars used in this study, 14 were produced 
using reactors at the Center for Sustainable Environmental 
Technologies (CSET) at Iowa State University (Ames, IA, 
USA). Reaction conditions are summarized in Table 1. 
Switchgrass and com stover were obtained locally (Story 
County, IA, USA). Red oak chips were obtained from Glen 
Oak Lumber and Milling (Montello, WI, USA). Prior to 
thermochemical processing, feedstocks were ground in a 
hammer mill to pass a %" (6 mm) screen and dried to <10% 
moisture. 

Biochars 1-6, 7-13, and 14-17 were produced from 
com stover, switchgrass, and hardwoods, respectively. Fast 
pyrolysis biochars (biochars 1, 7-9, and 14) were produced 
on a 5 kg h” 1 capacity bubbling fluidized bed reactor 
optimized for bio-oil production. The sand bed was 
fluidized with pre-heated nitrogen and the biochar was 
collected using a high-throughput cyclone catch. Torrified/ 
low-temperature fast pyrolysis com stover samples (bio¬ 
chars 2-4) were produced on a freefall fast pyrolyzer mn 
under conditions that did not allow sufficient particle 
residence time, resulting in dark brown to almost black, 
friable particles. Temperatures listed for these biochars refer 
to reactor wall temperatures. (Biochars 1, 2, and 4 were 
used in a previous study on extent of pyrolysis [39].) 
Gasification biochars were produced on a 3 kg h -1 capacity 
bubbling fluidized bed reactor under air-blown (biochar 5) 
or steam/oxygen-blown conditions (biochars 10-12). For 
air-blown gasification, the equivalence ratio was approxi¬ 
mately 0.20; steam/oxygen-blown reactions were mn under 
40%, 50%, and 60% oxygen fluidizing gas compositions. 
Biochar was again collected by cyclone catches. Slow 
pyrolysis biochars (biochars 6 and 13) were produced in a 
paint can fitted with a nitrogen purge (1 L min -1 flow rate) 
and a thermocouple for temperature measurement. The 
sealed can was placed into a muffle furnace and heated at 
approximately 15°C min -1 ; hold time at the set temperature 
was 30-60 min. 
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Table 1 Feedstocks and process 

used to produce biochars used in Biochar # Feedstock Process Temperature (°C) 

this study 


1 

Com stover 

Fluidized bed fast pyrolysis 

500 

2 

Com stover 

Freefall fast pyrolysis 

600 a 

3 

Com stover 

Freefall fast pyrolysis 

550 a 

4 

Com stover 

Freefall fast pyrolysis 

500 a 

5 

Com stover 

Air-blown gasification 

732 

6 

Com stover 

Slow pyrolysis 

500 

7 

Switchgrass 

Fluidized bed fast pyrolysis 

450 

8 

Switchgrass 

Fluidized bed fast pyrolysis 

500 

9 

Switchgrass 

Fluidized bed fast pyrolysis 

550 

10 

Switchgrass 

0 2 /steam gasification 

824 

11 

Switchgrass 

0 2 /steam gasification 

775 

12 

Switchgrass 

0 2 /steam gasification 

796 

13 

Switchgrass 

Slow pyrolysis 

500 

14 

Red oak 

Fluidized bed fast pyrolysis 

500 

15 

Mixed hardwood 

Kiln slow pyrolysis 

-400 

16 

Wood waste 

Air-blown gasification 

-800 

17 

Eastern hemlock 

Auger fast pyrolysis 

550 


a Reactor wall temperature 


The three remaining biochars were commercial samples. 
Biochar 15, a mixed hardwood charcoal, was obtained from 
a commercial kiln (Struemph Charcoal Company, Belle, 
MO, USA); samples of this biochar had been used in two 
previous studies [25, 40]. Biochar 16 was waste wood 
biochar from an air-blown, fluidized bed commercial 
gasifier (Chippewa Valley Ethanol Company, Benson, 
MN, USA) designed by Frontline Bioenergy, LLC (Ames, 
IA, USA). Biochar 17 was produced from Eastern hemlock 
in a commercial auger fast pyrolyzer (Advanced Biorefi- 
nery, Inc, Ottowa, ON, Canada). 

Biochar Characterization 

Biochar characterization followed methods previously 
described [25]. Briefly, moisture, volatiles, fixed carbon, 
and ash content of the biochars were determined according 
to ASTM D1762-84. Elemental analysis was performed 
using TRUSPEC-CHN and TRUSPEC-S analyzers (LECO 
Corporation, St. Joseph, MI, USA). Oxygen content was 
determined by difference. Brunauer-Emmett-Teller (BET) 
surface area was measured by nitrogen gas sorption 
analysis at 77 K (NOVA 4200e, Quantachrome Instruments, 
Boynton Beach, FL, USA). Fourier transform infrared 
(FTIR) spectroscopy was performed using a Digilab FTS- 
7000 FTIR spectrophotometer equipped with a PAC 300 
photoacoustic detector (MTEC Photoacoustics, Ames, IA, 
USA). Spectra were taken at 4 cm -1 resolution and 1.2 kHz 
scanning speed for a total of 64 co-added scans. 

Solid-state 13 C NMR spectroscopy experiments were 
performed on a Bruker DSX400 spectrometer (Bruker 
Biospin, Karlsruhe, Germany) at 100 MHz for 13 C and 


400 MHz for 1 H. Quantitative biochar spectra were 
obtained using 13 C direct polarization magic angle spinning 
(DP/MAS) NMR in 4-mm MAS rotors at a spinning speed 
of 14 kHz and under high power (|yB 1 |/27r=70 kHz) TPPM 
! H decoupling. To reduce power absorption due to sample 
conductivity, the gasification biochars were diluted with an 
equal volume fraction of laponite clay. Sparking observed 
in undiluted biochar 15 was eliminated using the same 
approach. A glass insert (5 mm thick) was placed at the 
bottom of each rotor to constrain the sample to the space 
within the radio-frequency coil, and the sample mass was 
recorded for quantification of 13 C observability. A 180° 
pulse of 9 qs duration was used to generate a Hahn echo 
before detection [41] and thus avoid baseline distortions 
associated with detection directly after the 90° excitation 
pulse. Based on 13 C spin-lattice relaxation time (TQ 
measurements after cross polarization [42], recycle delays 
of >3 Ti of the slowest-relaxing signals, between 13 and 
75 s, were used in the direct polarization experiments. For 
several samples, we checked that a spectrum with doubled 
recycle delay showed no significant intensity increase for 
any of the main peaks, confirming that the magnetization 
was fully relaxed. High carbon observabilities in 13 C spin 
counting experiments [43], based on the mass of carbon in 
the sample, calculated from the sample mass and the carbon 
mass fraction, with polystyrene and alanine as reference 
materials, confirmed essentially complete relaxation. The 
13 C chemical shifts were referenced to tetramethylsilane 
using the COO - resonance of glycine at 176.49 ppm as a 
secondary reference. To acquire the quantitative spectra of 
the non-protonated carbon fraction, DP/MAS with 
recoupled ! H- 13 C dipolar dephasing was used (68 qs 
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dephasing time) [41]. DP/MAS NMR measuring times per 
sample ranged between 1 and 2 days. Semi-quantitative 
biochar spectra were obtained using 13 C cross polarization 
(CP) MAS with total suppression of spinning sidebands 
(TOSS); for maximum sensitivity, samples were analyzed 
in 7-mm MAS rotors at a spinning speed of 7 kHz with 
0.5 s recycle delay, 4 qs 'H 90° pulse length, and 1 ms CP 
contact time. 

Extractable/exchangeable cations in the biochars were 
measured by extracting one sample of each biochar with 
0.5 M ammonium acetate solution adjusted to pH=7.0 [44]. 
Biochar (1.5 g) and extraction solution (15 ml) were shaken 
for 30 min in 35 ml Nalgene centrifuge tubes, centrifuged at 
66 Hz for 10 min, and decanted for a total of three 
extractions. The decanted solution was filtered through 
1 [im syringe filters (Whatman Anatop 25) to remove 
particulate and analyzed for Ba, Ca, Fe, K, Mg, Mn, Na, 
and Sr by inductively-coupled plasma atomic emission 
spectroscopy (ICP-AES; Thermo Jarell Ash ICAP 6IE, 
Franklin, MA, USA). 

Soil Incubation 

A sample of Nicollet soil (fine-loamy, mixed, superactive, 
mesic Aquic Hapludoll) was collected after harvest in 2006 
from the top 25 cm at Iowa State University’s Curtiss 
Agronomy Farm located in Ames, IA, USA (42.001° N, 
93.661 °W). The field-moist soil was stored at 4°C prior to 
use. Soil water holding capacity was measured by pressure 
plate at -33 kPa soil water matric potential. For each soil 
treatment, 1.5 kg of soil and 19.2 g of biochar were 
weighed into a bucket and then mixed by rotating the 
bucket. Of the soil/char mixture, 50 g was weighed into a 
French square bottle such that each would contain 
approximately 50 g of soil and 0.8 g of biochar (equivalent 
to a biochar application rate of 36 Mg ha -1 ). A urea (46-0- 
0) solution was added to each bottle and mixed by hand to 
bring the soil to its water holding capacity and nitrogen 
application equivalent to 224 kg N ha -1 . Each combination 
of soil, biochar, and urea was replicated four times, along 
with a single no-urea control for each biochar, a single soil- 
only control, and a single soil-plus-urea control for a total 
of 87 bottles. Bottles were covered with parafilm, with a 
small perforation to maintain aeration, and incubated on the 
bench top at room temperature (23°C) for 8 weeks. Bottles 
were weighed periodically and distilled water added to 
maintain soil moisture. After incubation, the soil samples 
were dried and ground for analysis. 

Soil Testing 

Soil (3 g) and deionized water (15 mL) were added to a pre¬ 
weighed centrifuge tube, shaken for 30 min, and the pH of 


biochar-amended soil suspensions was measured using an 
Accumet AB15 pH meter (Fisher Scientific, Pittsburgh, PA, 
USA). Samples were centrifuged (AccuSpin 1, Fisher 
Scientific, Pittsburgh, PA, USA) at 66 Hz for 10 min and 
the electrical conductivity of the decanted supernatant 
measured by an Orion 3 Star bench-top conductivity meter 
(Thermo Fisher Scientific, Waltham, MA). To prepare the 
soil samples for CEC analysis, rinses (3-5) with 15 mL 
aliquots of DI water were repeated until the electrical 
conductivity of the supernatant decreased to approximately 
30 illS cm -1 , indicating most of the soluble salts had been 
removed. CEC was measured using a modified ammonium 
acetate compulsory displacement method [45]. Rinsed soil 
samples were saturated with Na cations three times by 
addition of 10 mL of 0.5 M sodium acetate (pH=7.0), 
shaken for 5 min, and centrifuged at 66 Hz for 10 min, 
discarding the supernatant each time. Excess sodium 
cations were removed by addition of 10 mL of 1:1 (v/v) 
solution of ethanol and water, shaken for 15 min, and 
centrifuged at 66 Hz for 10 min. Rinsing was repeated 
twice more using 200-proof ethanol after which samples 
were allowed to dry overnight. Na cations were displaced 
with three aliquots (10.00 mL) of 0.5 M ammonium acetate 
(pH=7.0), shaken for 5 min, and centrifuged at 66 Hz for 
10 min. The supernatant was decanted, filtered through a 
0.45 |nm, surfactant-free cellulose acetate membrane sy¬ 
ringe filter (Coming, Coming, NY, USA), and the Na 
concentration determined by ICP-AES. 

Statistics 

Determining statistical differences between treatments for 
biochar-amended soil pH, EC, and CEC was done at a 95% 
confidence level (p< 0.05) using single factor ANOVA and 
Tukey’s honestly significant difference test. 

Results 

Biochar Composition and Physical Properties 

Biochar surface area, proximate analysis and elemental 
composition results are listed in Table 2 and show 
considerable variation between biochars based on feedstock 
and reaction conditions. For switchgrass and com stover 
biochars, ash contents were high (44-73 wt.%) and carbon 
contents were low (22-43%). For wood biochars, ash 
contents were relatively low (4-23%) and carbon contents 
high (62-79%). Biochars from fast pyrolysis were generally 
higher in volatiles (12-30%) and lower in fixed carbon 
(25-65%) compared to biochars from slow pyrolysis and 
gasification, indicating a lower degree of carbonization. All 
BET surface areas were low (3.3-61.6 m 2 g -1 ) and 


43 Springer 



316 


Bioenerg. Res. (2011) 4:312-323 


Table 2 Composition and 
surface area of biochars 


BET SA Branauer-Emmett- 
Teller surface area 

Elemental composition values 
are reported on a dry weight 
basis; proximate analysis results 
reported on a wet basis. Oxygen 
content determined by 
difference 


Biochar # 

Moisture 

wt.% 

Volatiles 

Fixed C 

Ash 

C 

H 

N 

S 

O 

BET SA 
m 2 g 1 

1 

1.7 

13.8 

25.2 

59.3 

29.5 

1.6 

0.6 

0.02 

7.9 

8.5 

2 

1.8 

17.1 

25.4 

55.7 

31.4 

2.0 

0.6 

0.03 

9.2 

3.3 

3 

1.6 

29.7 

24.7 

44.0 

37.5 

3.3 

0.6 

0.04 

13.9 

3.7 

4 

2.5 

26.2 

24.9 

46.4 

34.9 

2.9 

0.7 

0.06 

13.9 

4.5 

5 

1.0 

5.1 

20.3 

73.6 

21.8 

0.1 

0.4 

0.02 

3.4 

14.3 

6 

0.7 

6.7 

31.3 

61.3 

33.4 

1.1 

0.8 

0.01 

2.9 

24.8 

7 

2.6 

16.4 

31.4 

49.6 

37.5 

2.2 

0.5 

0.16 

8.9 

15.6 

8 

2.4 

11.6 

31.5 

54.5 

40.7 

1.9 

0.5 

0.13 

1.0 

16.8 

9 

2.9 

13.6 

34.4 

49.0 

42.2 

1.9 

0.5 

0.17 

4.9 

26.2 

10 

1.7 

7.5 

22.5 

68.3 

25.4 

0.4 

0.3 

0.04 

4.5 

46.1 

11 

1.5 

7.1 

24.5 

66.9 

26.7 

0.3 

0.3 

0.03 

4.7 

20.2 

12 

2.1 

11.9 

21.8 

64.2 

27.5 

0.6 

0.3 

0.04 

6.1 

61.6 

13 

0.9 

7.1 

39.5 

52.5 

39.4 

1.3 

0.7 

0.00 

5.6 

50.2 

14 

2.2 

18.1 

56.2 

23.4 

62.0 

2.7 

0.6 

0.02 

10.8 

3.8 

15 

3.6 

16.8 

72.9 

6.7 

79.2 

2.4 

0.5 

0.01 

11.0 

8.1 

16 

4.0 

7.2 

72.2 

16.7 

76.6 

1.3 

0.5 

0.01 

4.2 

5.8 

17 

3.7 

27.1 

64.9 

4.3 

75.7 

4.2 

0.3 

0.01 

15.2 

5.8 


generally increased with reaction residence time (fast 
pyrolysis < slow pyrolysis) and temperature (pyrolysis < 
gasification). 

FTIR Properties 

FTIR spectra of com stover and wood biochars are shown 
in Figs. 1 and 2, respectively (switchgrass spectra shown in 
supplemental material Figure SI). With all three kinds of 
feedstock, clear distinctions can be made between slow 
pyrolysis, fast pyrolysis, and gasification biochar spectra. 
Fast pyrolysis biochar spectra show the highest amount of 
oxygen-containing functional groups, especially the O-H 
stretch around 3,400 cm -1 and the carboxylic C stretch 
around 1,700 cm -1 [25, 28]. Slow pyrolysis biochar spectra 
indicate significantly fewer oxygen-containing functional 
groups and a stronger aromatic C-H stretch signal at 
3,050 cm -1 . The exception is the biochar 15 spectmm, 
which contains almost no peaks and is more similar to 
gasification biochar spectra. 

NMR Spectra and Composition 

Quantitative direct polarization 13 C NMR spectra of 
wood, slow pyrolysis, fast pyrolysis, and gasification 
biochars are shown in Figs. 3, 4, 5, and 6, respectively. 
Selective spectra of non-protonated carbons (and CH 3 
groups) are also shown (thin lines), providing information 
on the fractions of non-protonated and protonated (edge) 
aromatic carbons. The composition information obtained 
from these spectra is summarized in Table 3 and the 


properties of the aromatic clusters are compiled in Table 4 
and supplemental material Table SI as described in our 
previous paper [25]. 

Carbon observabilities from spin counting [43] are also 
listed in Table 4. High values near 100% were obtained for 
slow pyrolysis biochars (biochars 13 and 6) and for low- 
temperature fast pyrolysis biochars (biochars 2-4), showing 
that all the carbons were observed fully. These samples 
behaved normally, absorbing little radio frequency power. 
By contrast, the fast pyrolysis biochars exhibited some and 
the gasification biochars exhibited pronounced broadening 
of the electronic resonances of the NMR probe head, which 
resulted in a lower electronic quality factor and therefore 
reduced signal intensity. In other words, NMR detector 
efficiency was reduced when these samples were measured, 



4000 3000 2000 1000 

Wavenumber (cm' 1 ) 


Fig. 1 FTIR spectra of com stover biochars from slow pyrolysis, fast 
pyrolysis, and air-blown gasification 
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Fig. 4 Quantitative 13 C direct polarization (DP/M AS) and direct 
polarization with dipolar decoupling spectra of slow pyrolysis 
biochars at a magic angle spinning (MAS) frequency of 14 kHz. a 
Com stover and b switchgrass slow pyrolysis biochar produced at 
500°C. Thick line all carbons, thin line non-protonated carbons and 
methyl groups, ssb spinning side bands 


Fig. 2 FTIR spectra of wood biochars from a commercial kiln slow 
pyrolysis process, fast pyrolysis, and air-blown gasification 

resulting in artificially lowered observability values. Pre¬ 
liminary calibration experiments indicated that the observ¬ 
abilities for fast pyrolysis biochars and wood biochar 
(biochar 15) should be corrected by +5%, and those of 
gasification biochars (biochars 5 and 11) by +12%, 
resulting in good observability values. For an unknown 
reason, the observability of biochar 8 was unusually low, 
but this did not seem to result in significant spectral 
distortions, as indicated by the similar spectral intensity 
distribution for the closely related biochar 9, which had 
good observability. It should be noted that as long as the 
observability of all types of carbons is similarly reduced, 
the spectra are not distorted. 

All biochar NMR spectra were dominated by a peak of 
aromatic carbons, the majority of which were not proton- 
ated. The aromatic C-H fraction was largest for slow 
pyrolysis chars (-30%) and intermediate for fast pyrolysis 
and wood chars (-23%), while gasification biochars 
showed by far the smallest fraction (-10%) of aromatic 
C-H groups. C-H was the dominant form of carbon at the 
edges of the aromatic rings in slow pyrolysis biochars, see 
Tables 3 and SI. The spectra in Figs. 5 and 7 indicate only 
moderate structural changes between switchgrass pyrolysis 



Fig. 3 Quantitative 13 C direct polarization (DP/M AS) and direct 
polarization with dipolar decoupling spectra of wood biochars at a 
magic angle spinning (MAS) frequency of 14 kHz. a Red oak fast 
pyrolysis biochar produced at 500°C. b Mixed hardwood kiln biochar 
from a commercial process. Thick line all carbons, thin line non- 
protonated carbons and methyl groups, ssb spinning side bands 


at 500°C and 550°C; in particular, the fraction of aromatic 
C-H groups does not decrease significantly (see Tables 3 
and 4). Cross polarization 13 C NMR spectra, which 
enhance the signals of protonated carbons, in particular 
the alkyl residues, are displayed for a series of fast- 
pyrolysis switchgrass biochars in Fig. 7; they closely 
matched the corresponding spectra of a different group of 
fast pyrolysis switchgrass biochar in our previous work 
[25]. 

As in FTIR, fast pyrolysis biochars showed the largest 
signals of oxygen-containing groups, among which aro¬ 
matic C-0 (phenolic and aromatic ether moieties) and 
carbonyl (C=0) groups were the most prominent (see 
Figs. 5 and 7). No distinct COO peaks were seen near 
170 ppm for pyrolysis biochars, while the gasification 
biochars showed relatively sharp COO signals. Biochar 3 
showed the most oxygen-containing functional groups, with 
sharp peaks characteristic of the sugar rings in the cellulose 



200 150 100 50 0 ppm' 200 150 100 50 0 ppm 


Fig. 5 Quantitative 13 C direct polarization (DP/M AS) and direct 
polarization with dipolar decoupling spectra of fast pyrolysis biochars 
at a magic angle spinning (MAS) frequency of 14 kHz. a Com stover 
fast pyrolysis biochar produced at 550°C reactor wall temperature, b- 
d Switchgrass fast pyrolysis biochars produced at 450°C, 500°C, and 
550°C. Thick line all carbons, thin line non-protonated carbons and 
methyl groups, ssb spinning side bands 
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Fig. 6 Quantitative 13 C direct polarization (DP/M AS) and direct 
polarization with dipolar decoupling spectra of gasification biochars at 
a magic angle spinning (MAS) frequency of 14 kHz. a Com stover 
gasification biochar produced at 732°C. b Switchgrass gasification 
biochar produced at 775°C. Thick line all carbons, thin line non- 
protonated carbons and methyl groups, ssb spinning side bands 


of the feedstock, indicating incomplete pyrolysis as 
discussed in reference [39]. 

The analysis of the edge fractions in Tables 4 and SI 
showed large minimum cluster sizes (>39 carbons) for the 
gasification biochars, consistent with the result in our 
previous paper [25]. Fast pyrolysis biochars had minimum 
cluster sizes of >21 C, slightly smaller than those of slow 
pyrolysis biochars. 

Biochar Extractable Cations 

The extractable cations from the biochars (in units of meq 
100 g char -1 ) consisted of mostly Ca (7-89), K (4-71), and 
Mg (1.4-29), with lesser amounts of Na (0.3-2.8), Mn 
(0.01-0.35), Ba (0.01-0.12), Fe (<0.01-0.09), and Sr 
(0.01-0.08; data shown in supplemental material Table 
S2). Relative total amounts of cations in biochars followed 
the general pattern of switchgrass gasification biochars > 
com stover and switchgrass fast pyrolysis biochars > com 


stover gasification biochar>slow pyrolysis and wood- 
derived biochars. A reddish-brown color was observed 
only in the extract solutions from the fast pyrolysis 
biochars that remained after filtration, indicating the 
presence of dissolved species, most likely dissolved 
organic compounds. 

Soil pH, EC, and CEC effects 

Table 5 shows the soil pH of the biochar amended soils 
after 8 weeks of incubation. Values were in the neutral 
range (pH=6.0-7.2) and were highest for gasification 
biochars (pH=6.6-7.2), followed by slow pyrolysis bio¬ 
chars (pH=6.3-7.0). Soils amended with biochar and urea 
tended to have lower pH after 8 weeks than soils amended 
with only biochar, mostly likely due to nitrification of the 
urea. Table 5 shows the EC of the first water rinse leachate 
from the biochar-amended soils. EC is an indicator of the 
amounts of soluble ions in the soil. Soils amended with 
switchgrass gasification biochars had the highest EC (406- 
539 iitS cm -1 ), followed by switchgrass and com stover fast 
pyrolysis biochar-amended soils (141-361 jliS cm -1 ); soils 
amended with wood-derived biochars had the lowest EC 
values (143-283 jllS cm -1 ), reflecting the extractable cation 
concentrations measured in the biochars. Soils amended 
with urea tended to have higher EC than unamended soils. 
Table 5 shows the CEC of the biochar-amended soils. The 
CEC of the unamended soil was relatively high 
(26 meq 100 g soil -1 ). There was only slight variation 
between the biochar amendments (soil CEC = 23.7- 
26.5 meq 100 g soil -1 ) and no distinguishable correlations 
between biochar feedstock or process conditions and 
resulting soil CEC. 


Table 3 Quantitative NMR 
spectral analysis of biochars 
from DP spectra 


Cnon-pro non-protonated aromatic 
carbon, error margins ± 2 % 

All values are % of total 13 C 
signal. CO0.75H0.5 moieties 
assume a 1:1 ratio of alcohols 
and ethers. CHi 5 moieties 
assume a 1:1 ratio of CH 2 
and CH groups 


Biochar # 

Carbonyls 


Aromatics 



Alkyls 



Moieties 

ppm 

C=0 

210-183 

COO 

183-165 

CO0.75H0.5 

165-145 

c 

^ non-pro 

145-70 

C-H 

145-90 

HCO 0 . 75 H 0.5 

90-50 

CH ,.5 

50-25 

ch 3 

25-6 

1 

3 

5 

12 

44 

26 

2 

4 

4 

2 

4 

4 

11 

39 

25 

7 

5 

5 

3 

4 

6 

11 

27 

23 

21 

6 

5 

4 

4 

5 

11 

30 

21 

17 

7 

6 

5 

2 

4 

6 

69 

10 

4 

4 

2 

6 

1 

1 

7 

56 

29 

3 

2 

2 

7 

4 

5 

13 

45 

21 

5 

4 

4 

8 

3 

4 

10 

55 

21 

2 

2 

3 

9 

2 

3 

9 

53 

25 

3 

2 

3 

11 

2 

5 

7 

68 

9 

4 

4 

2 

13 

1 

1 

7 

53 

34 

1 

2 

1 

14 

2 

2 

11 

52 

22 

3 

3 

4 

15 

2 

3 

9 

57 

22 

2 

2 

3 
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Table 4 NMR C observabil¬ 
ities, aromaticities calculated on 

Biochar # 

Observable 

Aromaticity 

Aromaticity 

Xedge,min 

Xedge,max 

n C,min 

molar and mass bases, fractions 


C (%) 

(molar %) 

(mass %) 




of aromatic edge carbons, Xedge> 
and minimum number of 

1 

86 

81 

69 

0.46 

0.70 

12 

carbons per aromatic cluster, 

2 

92 

75 

64 

0.48 

0.81 

9 

^C,min — 6/Xedge,max in 

3 

93 

60 

46 

0.56 

1.23 

4 

biochars 

4 

114 

62 

50 

0.52 

1.13 

5 


5 

80 

85 

73 

0.19 

0.37 

44 


6 

80 

92 

87 

0.39 

0.47 

27 


7 

79 

78 

67 

0.43 

0.70 

12 


8 

64 

87 

76 

0.36 

0.52 

22 


9 

93 

87 

78 

0.39 

0.54 

21 


11 

83 

84 

72 

0.19 

0.39 

39 


13 

116 

94 

89 

0.44 

0.51 

23 


14 

74 

85 

77 

0.39 

0.56 

19 


15 

75 

88 

78 

0.35 

0.49 

25 


Discussion 


Unique Nature of Kiln-Produced Biochars 


Biochar Selection for Nicolett Soil 

The criteria used to select biochars for a field study are 
dependent on the soil being amended and the goals of 
applying the biochar. A desirable biochar for the 
Nicolett soil was defined here as one that would bring 
the soil pH closer to neutral, increase the soil CEC and 
return nutrients that were removed during biomass 
harvest, without exceeding a biochar volatile matter 
content of 20% [32] and an O-C ratio of 0.2 [26]. All of 
the biochars that exceeded one or both of the volatile 
matter content or O-C ratio numbers (biochars 2, 3, 4, 7, 
and 17) had experienced the shortest reactor residence 
times. Soils amended with biochars 3 and 17, however, 
did have the highest CEC values, mirroring results seen 
in another study on low temperature biochars [46]. 
Biochar 3 was ultimately selected because it would 
provide an opportunity to collect more data on high 
volatile matter/high O-C ratio biochar amendment 
effects. 

Amendment with all three biochars from switchgrass 
gasification (biochars 10, 11, and 12) resulted in large 
increases in soil pH and EC relative to the other biochars. 
From this set, biochar 10 was selected since it also had a 
relatively high CEC and surface area, two traits in addition 
to nutrient content that had shown positive results in 
another study using gasification biochar [47]. The final 
two biochars selected were biochars 13 and 15; both had 
positive effects on soil pH and their selection would allow 
for a field comparison to be made between slow pyrolysis 
(biochar 13), gasification (biochar 10), and kiln carboniza¬ 
tion (biochar 15) biochars. 


At first glance, biochar 15’s properties and NMR spectrum 
suggest that it is similar to slow pyrolysis biochars. Biochar 
15’s FTIR spectrum and sparking observed during NMR 
analysis, on the other hand, suggest that it is more similar to 
gasification biochars. We propose that the presence of oxygen 


Aromatic C 



Fig. 7 Semi-quantitative 13 C NMR with 'H- I3 C cross polarization 
and total suppression of spinning sidebands (CP/TOSS) at 7 kHz 
MAS, of switchgrass and switchgrass biochars, a-c Switchgrass fast 
pyrolysis biochars produced at 450°C, 500°C, and 550°C. d Fresh 
switchgrass feedstock 
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Table 5 Soil pH at a 1:5 soil-water ratio, electrical conductivity of water leachate, and cation exchange capacity of soils amended with biochars, 
with and without urea amendment 


Soil+biochar # 

PH 


Electrical conductivity 

Cation exchange capacity 

(1:5) 


(pS cm l ) 


(meq 100 g soil 

“) 

With urea 

No urea control 

With urea 

No urea control 

With urea 

No urea control 

1 

6.15 h 

6.5 

357 d 

191 

25.2 cde 

25.8 

2 

6.35 ef 

6.7 

310 f 

154 

25.6 bed 

26.0 

3 

6.30 f 

6.6 

290 g 

141 

26.5 a 

27.8 

4 

6.43 de 

6.5 

289 g 

155 

25.5 bed 

27.1 

5 

6.68 c 

6.9 

293 fg 

335 

25.6 bed 

26.7 

6 

6.25 g 

6.5 

270 hi 

194 

25.0 de 

27.3 

7 

5.98 i 

6.2 

297 fg 

274 

26.2 ab 

27.9 

8 

6.20 g 

6.6 

335 e 

195 

25.5 bed 

25.7 

9 

6.40 e 

6.7 

361 d 

191 

25.6 bed 

27.5 

10 

6.93 b 

6.9 

539 a 

406 

26.2 ab 

26.8 

11 

7.03 a 

7.0 

518 b 

467 

25.1 cde 

25.3 

12 

7.00 ab 

7.2 

464 c 

416 

24.6 e 

26.7 

13 

6.50 c 

7.0 

230 kl 

163 

26.0 ab 

27.9 

14 

6.35 ef 

6.3 

257 ij 

237 

25.8 abc 

26.4 

15 

6.75 c 

6.5 

245 jk 

151 

23.7 f 

25.4 

16 

6.68 c 

6.6 

223 1 

143 

25.0 de 

24.6 

17 

6.20 gh 

6.2 

283 gh 

145 

26.4 a 

26.2 

No biochar control 

6.1 

6.1 

172 

281 

26.3 

26.1 


Within a column, data from soils amended with biochar and urea labeled with different letters are significantly different at the p< 0.05 level (n= 4). 
Data from unamended and no-urea soil controls (n= 1) were not included in the statistical analysis 


used to drive the heat-generating combustion processes in 
commercial kilns creates unique biochars whose properties 
represent a combination of slow pyrolysis and gasification 
biochar properties. For example, biochar 15 is similar to the 
slow pyrolysis biochars made at similar temperatures (bio¬ 
chars 6 and 13) in its aromaticity and minimum number of 
carbons in aromatic ring clusters derived from the NMR 
spectra. Biochar 15 is similar to the gasification chars made in 
a similar reaction atmosphere (biochars 5 and 11) in the lack of 
O-H and C-H stretches in the FTIR spectra, C-0 functional 
groups by NMR, and amended soil pH. Future characteriza¬ 
tion work needs to focus on differentiating between the effects 
of oxygen in the reaction atmosphere and the effects of 
residence time on the degree of carbonization. Biochar made 
in kilns will likely be the most available in large quantities at 
this stage of the biochar industry’s development due to the 
maturity of kiln technology [48]. Biochars from these 
processes, however, should be considered separately from 
slow pyrolysis or gasification biochars because their process 
temperatures will be similar to slow pyrolysis, reaction 
atmosphere oxygen contents will be similar to gasification, 
and their residence times will vary. We propose the following 
six-process classification grouping for biochar-producing 
processes based solely on their resulting biochar properties 


and carbon chemistry: torrefaction, slow pyrolysis, fast 
pyrolysis, flash pyrolysis, kiln carbonization, and gasifica¬ 
tion. The characteristic reaction conditions for each process 
are outlined in Table 6. This grouping aims to account for 
effects of temperature, which has been found to be critical in 
relation to biochar properties [49, 50], residence time, and 
oxygen content. This proposed grouping is complementary 
to current schemes to differentiate thermochemical processes 
[51] and to classify biochars [52]. 

Aromaticity and Fixed Carbon Fraction Correlation 

Biochar’s degree of aromaticity is believed to strongly 
influence its chemical stability [53]. Unfortunately, aroma¬ 
ticity is frequently measured by NMR, which requires 
sophisticated equipment and significant time. If aromaticity 
is to be used as a biochar assessment, a less expensive and 
more rapid measurement technique is desirable. Here, 
aromaticity from NMR analysis was plotted against the 
fixed carbon fraction (fixed carbon/(volatiles+fixed car¬ 
bon)) obtained from proximate analysis, shown as unfilled 
shapes in Fig. 8. A better correlation was obtained when 
biochar aromaticity was recalculated on a mass basis, 
shown as filled shapes in Fig. 8 and tabulated in Table 4. 
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Table 6 Proposed classification scheme for thermochemical processes based on their reaction conditions that affect the chemical properties of the 
biochars produced 


Thermochemical process 

Reaction 

temperatures 

0 2 in reaction 
atmosphere 

Heating rate 

Residence 

time 

Reaction 

pressure 

Torrefaction 

Low 

None or some 

Slow 

Long 

Atmospheric 

Slow pyrolysis 

Moderate 

None 

Slow 

Long 

Atmospheric 

Fast pyrolysis 

Moderate 

None 

Very fast 

Very short 

Atmospheric 

Flash pyrolysis 

Moderate 

Some 

Fast 

Short 

Elevated 

Kiln carbonization or “low-temp gasification” 

Moderate 

Some 

Slow to moderate 

Long 

Atmospheric 

Gasification 

High 

Some 

Moderate to fast 

Short 

Atmospheric or elevated 


This was done by multiplying the carbon fractions from 
NMR analysis (see Table 3) by the relative mass each 
carbon fraction would have if the O and H were included. 
For example, the non-protonated fraction is multiplied by 1 
because it contains only C, while the C=0 fraction is 
multiplied by a mass weighting factor of 2.3 to account for 
the added mass of one O ((12 g mol -1 C+16 g mol -1 O)/ 
12 g mol -1 C=2.3). Biochar 1, therefore, has a 13 C molar 
basis aromaticity of 81% and a mass basis aromaticity of 
69% (see Table 4). Using this mass-based method, an 
almost direct correlation can be seen between NMR 
aromaticity and proximate analysis fixed carbon fraction 
(also mass based). This correlation provides evidence that 
fixed carbon can serve as a proxy for aromaticity when 
NMR analysis is not available. Grouping the biochars by 
the amount of oxygen present in the reaction atmosphere, 
the data from this study also shows a stronger correlation 
for the slow and fast pyrolysis biochars (no oxygen) than 
the correlation for the gasification and kiln carbonization 
biochars (some oxygen; see Fig. 8). A direct correlation 
would yield a trend line of y=100xx. Trend lines for the 
pyrolysis biochars (?z=10) were y=87xx+21 (^ 2 =0.967) 
for the molar basis aromaticity and y=108xx-2 ( R 2 = 
0.990) for the mass basis aromaticity. Trend lines for the 
gasification/kiln biochars {n= 3) were y=97xx+8 ( R 2 = 
0.823) for the molar basis aromaticity and y=163 xx-55 
(R 2 = 0.824) for the mass basis aromaticity. 

Concerns about Gasification Chars 

In terms of carbon stability indicators (O-C ratio, volatile 
matter content), soil pH, and soil EC, biochars from 
gasification biochars appeared favorable in this study. Some 
concern has been expressed, however, about biochars made at 
high temperatures, especially those derived from higher-ash 
feedstocks like switchgrass and com stover. The high ash 
content of these biochars means that the biochars contain less 
carbon by weight and would be eligible for fewer carbon 
sequestration credits. The ash does contain plant nutrients (K, 
Ca, Mg, and some micronutrients) and would exhibit a pH 


greater than neutral, which are generally positive traits but 
could be detrimental if applied in high concentrations or on an 
alkaline/calcareous soil [54]. In one germination study with 
corn seeds, the presence of growth-inhibiting organic 
compounds was observed in water extracts of gasification 
biochars; detectable amounts of polyaromatic hydrocarbons 
were also observed [55]. The growth-inhibiting effects were 
no longer observed after the gasification biochars were 
further leached, suggesting the growth-inhibition may be a 
short-term effect. Research on a wider variety of gasification 
biochars is needed to determine which biochars are likely to 
cause negative effects and whether these effects are short or 
long term. 

Limitations of This Study 

Two major limitations of this study are the short soil 
incubation period and the small number and scope of soil 



Fixed C / (Volatiles + Fixed C) 

Fig. 8 Biochar aromaticity from quantitative NMR analysis as a 
function of fixed carbon fraction from proximate analysis. Unfilled 
shapes represent aromaticity calculated on a molar basis and filled 
shapes represent aromaticity calculated on a mass basis. The reaction 
atmosphere for gasification and kiln carbonization contained some 
oxygen, while slow and fast pyrolysis occurred in an inert atmosphere 
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indicators used. Biochar has been shown to oxidize and 
undergo other aging reactions over time [28, 56]. Charac¬ 
terization of biochar before soil application, therefore, only 
gives that biochar’s initial condition and not enough is 
understood about how biochar interacts with the soil 
environment to predict its later chemical properties. 
Likewise, soil pH, CEC, and EC of biochar-amended soils 
are expected to change over time as biochar ages, ions in 
soil are leached or taken up by plants, nutrients are cycled, 
and soil minerals weather. This study also made no attempt 
to track changes in soil physical properties such as bulk 
density or water retention capacity, or other plant nutrients 
such as available N and P, which can be the limiting factor 
to plant growth in some soil systems. 

Conclusions 

Biochar properties and their effects on soil vary widely 
with biochar feedstock and processing conditions. Bio¬ 
char characterization and short-term soil incubations can 
provide some insight into the short-term effects of 
applying biochar that can be used to narrow down a 
pool of potential biochars. The characterizations and soil 
indicators used in this study identified four biochars that 
would likely show at least some positive effects when 
applied to a Nicolett soil and provide data to refine later 
selection criteria. Ideally, selection criteria would include 
a way to group biochars with like chemical properties 
through knowledge of their production processes. To that 
end, a six-reaction grouping scheme (torrefaction, slow 
pyrolysis, fast pyrolysis, flash pyrolysis, kiln carboniza¬ 
tion, and gasification) was proposed to differentiate 
between slow pyrolysis and kiln-produced biochars, 
which were shown here to have very different properties 
that are believed to depend on the presence of oxygen in 
the reaction atmosphere. 

Acknowledgments Financial support for this research was provided 
by a National Science Foundation Graduate Research Fellowship 
(Brewer). The authors would like to thank the following for their 
assistance on various aspects of the analysis process: CSET colleagues 
for providing biochar samples and process information; CSET staff 
and undergraduates on CHNS; John McClelland and Roger Jones on 
FTIR-PAS; Yan-Yan Hu onNMR; Maggie Lampo, Bernardo Thompson, 
and Mike Cmse on setting up the soil incubation and preparing samples; 
Dedrick Davis on water-holding capacity; and Pierce Fleming and David 
Laird on CEC. 


References 

1. Glaser B, Lehmann J, Zech W (2002) Ameliorating physical and 
chemical properties of highly weathered soils in the tropics with 
charcoal—a review. Biol Fertil Soils 35:219-230 


2. Laird DA (2008) The charcoal vision: a win-win-win scenario for 
simultaneously producing bioenergy, permanently sequestering 
carbon, while improving soil and water quality. Agron J 100:178- 
181 

3. Novak JM, Busscher WJ, Laird DL, Ahmedna M, Watts DW, 
Niandou MAS (2009) Impact of biochar amendment on fertility of 
a Southeastern Coastal Plain soil. Soil Science 174:105-112 

4. Liang B, Lehmann J, Solomon D et al (2006) Black carbon 
increases cation exchange capacity in soils. Soil Sci Soc Am J 
70:1719-1730 

5. Oguntunde PG, Fosu M, Ajayi AE, van de Giesen N (2004) 
Effects of charcoal production on maize yield, chemical properties 
and texture of soil. Biol Fertil Soils 39:295-299 

6 . Lehmann J (2007) Bio-energy in the black. Front Ecol Environ 
5:381-387 

7. Gaunt JL, Lehmann J (2008) Energy balance and emissions 
associated with biochar sequestration and pyrolysis bioenergy 
production. Environ Sci Technol 42:4152^1158 

8 . Cheng C-H, Lehmann J, Thies JE, Burton SD (2008) Stability of 
black carbon in soils across a climatic gradient. J Geophys Res 
113:G02027 

9. Woolf D, Amonette JE, Street-Perrot FA, Lehmann J, Joseph S 
(2010) Sustainable biochar to mitigate global climate change. 
Nature Com 1:56 

10. Okimori Y, Ogawa M, Takahashi F (2003) Potential of C02 
emission reductions by carbonizing biomass waste from industrial 
tree plantation in South Sumatra, Indonesia. Mitig Adapt Strateg 
Glob Chang 8:261-280 

11. Reijnders L (2010) Are forestation, bio-char and landfilled 
biomass adequate offsets for the climate effects of burning fossil 
fuels? Energy Policy 37:2839-2841 

12. Roberts KG, Gloy BA, Joseph S, Scott NR, Lehmann J (2010) 
Life cycle assessment of biochar systems: estimating the energetic, 
economic, and climate change potential. Environ Sci Technol 
44:827-833 

13. Bracmort KS (2009) Biochar: examination of an emerging 
concept to mitigate climate change. Congressional Research 
Service, Washington, D.C 

14. Pratt K, Moran D (2010) Evaluating the cost-effectiveness of 
global biochar mitigation potential. Biomass Bioenergy 34:1149- 
1158 

15. Sohi S, Lopez-Capel E, Krull E, Bol R (2009) Biochar, climate 
change and soil: a review to guide future research. CSIRO, Glen 
Osmond, Australia 

16. Ozgimen D, Ersoy-Merigboyu A (2010) Characterization of 
biochar and bio-oil samples obtained from carbonization of 
various biomass materials. Renew Energy 35:1319-1324 

17. Spokas KA, Reicosky DC (2009) Impacts of sixteen different 
biochars on soil greenhouse gas production. Annals Env Sci 
3:179-193 

18. Lima IM, Boateng AA, Klasson KT (2010) Physicochemical 
and adsorptive properties of fast-pyrolysis bio-chars and their 
steam activated counterparts. J Chem Technol Biotechnol 
85:1515-1521 

19. Phan AN, Ryu C, Sharifi VN, Swithenbank J (2008) Character¬ 
isation of slow pyrolysis products from segregated wastes for 
energy production. J Anal Appl Pyrol 81:65-71 

20. Ryu C, Sharifi VN, Swithenbank J (2007) Waste pyrolysis and 
generation of storable char. Int J Energ Res 31:177-191 

21. Antal MJ, Mochidzuki K, Paredes LS (2003) Flash carbonization 
of biomass. Ind Eng Chem Res 42:3690-3699 

22. Bridgwater AV, Peacocke GVC (2000) Fast pyrolysis processes for 
biomass. Renew Sustain Energy Rev 4:1-73 

23. Sohi SP, Krull E, Lopez-Capel E, Bol R, Donald LS (2010) A 
review of biochar and its use and function in soil. Adv Agron 
105:47-82 


<£) Springer 



Bioenerg. Res. (2011) 4:312-323 


323 


24. Bourke J, Manley-Harris M, Fushimi C, Dowaki K, Nunoura T, 
Antal MJ (2007) Do all carbonized charcoals have the same 
chemical structure? 2. A model of the chemical structure of 
carbonized charcoal. Ind Eng Chem Res 46:5954-5967 

25. Brewer CE, Schmidt-Rohr K, Satrio JA, Brown RC (2009) 
Characterization of biochar from fast pyrolysis and gasification 
systems. Environ Prog Sustain Energy 28:386-396 

26. Spokas KA (2010) Review of the stability of biochar in soils: 
predictability of 0:C molar ratios. Carbon Manage 1:289-303 

27. Laird DA, Brown RC, Amonette JE, Lehmann J (2009) Review of 
the pyrolysis platform for coproducing bio-oil and biochar. 
Biofuels Bioproducts Biorefining 3:547-562 

28. Cheng C-H, Lehmann J, Thies JE, Burton SD, Engelhard MH 
(2006) Oxidation of black carbon by biotic and abiotic processes. 
Org Geochem 37:1477-1488 

29. Joseph S, Camps-Arberstain M, Blackwell R, Zwioloski A, Major 
J (2010) Characterization to commercialization: what the consum¬ 
er needs to know. Paper presented at the 3rd International Biochar 
Initiative Conference, Rio de Janeiro, Brazil, 13 September 2010 

30. Cross A, Sohi S, Borlinghaus M (2010) The development of a 
toolkit for rapid assessment and prediction of biochar stability and 
agronomic utility. Paper presented at the 3rd International Biochar 
Initiative Conference, Rio de Janeiro, Brazil, 14 September 2010 

31. Hayes M, Byme C, Kwapinski W et al. (2010) Development of a 
biochar classificaiton system based on its effect on plant growth. 
Paper presented at the 3rd International Biochar Initiative 
Conference, Rio de Janeiro, Brazil, 13 September 2010 

32. Deenik JL, McClellan T, Goro U, Antal MJ, Campbell S (2010) 
Charcoal volatile matter content influences plant growth and soil 
nitrogen transformations. Soil Sci Soc Am J 74:1259-1270 

33. Liesch AM, Weyers SL, Gaskin JW, Das KC (2010) Impact of two 
different biochars on earthworm growth and survival. Annals Env 
Sci 4:1-9 

34. Zhang A, Cui L, Pan G et al (2010) Effect of biochar amendment 
on yield and methane and nitrous oxide emissions from a rice 
paddy from Tai Lake plain, China. Agric Ecosyst Environ 
139:469-475 

35. Yuan JH, Xu RK (2010) The amelioration effects of low temperature 
biochar generated from nine crop residues on an acidic Ultisol. Soil 
Use Manag. doi:10.1111/j.l475-2743.2010.00317.x 

36. Chan KY, Van Zwieten L, Meszaros I, Downie A, Joseph S (2008) 
Using poultry litter biochars as soil amendments. Aust J Soil Res 
46:437^44 

37. Laird DA, Fleming PD (2010) Impact of biochar amendments on 
the quality of a typical Midwestern agricultural soil. Geoderma 
158:443-449 

38. Brockhoff SB, Christians NE, Killom RJ, Horton R, Davis DD 
(2010) Physical and mineral-nutrition properties of sand-based 
turfgrass root zones amended with biochar. Agron J 102:1627-1631 

39. Brewer C, Hu Y-Y, Schmidt-Rohr K, Loynachan TE, Laird DA, 
Brown RC (2011) Characteristics of the extent of pyrolysis for 
com stover fast pyrolysis biochars. J Environ Qual (under review) 

40. Laird DA, Fleming PD, Karlen DL, Wang B, Horton R (2010) 
Biochar impact on nutrient leaching from a Midwestern agricul¬ 
tural soil. Geoderma 158:436^42 


41. Mao JD, Schmidt-Rohr K (2004) Accurate quantification of 
aromaticity and nonprotonated aromatic carbon fraction in natural 
organic matter by 13 C solid-state nuclear magnetic resonance. 
Environ Sci Technol 38:2680-2684 

42. Mao JD, Hu WG, Schmidt-Rohr K, Davies G, Ghabbour EA, 
Xing B (2000) Quantitative characterization of humic substances 
by solid-state carbon-13 nuclear magnetic resonance. Soil Sci Soc 
Am J 64:873-884 

43. Smemik RJ, Oades JM (2000) The use of spin counting for 
determining quantitation in solid state 13 C NMR spectra of 
natural organic matter: 2. HF-treated soil fractions. Geoderma 
96:159-171 

44. Suarez D (1996) Properties of alkaline-earth metals. In: Sparks 
DL (ed) Methods of soil analysis part 3 chemical methods. Soil 
Science Society of America, Madison, WI 

45. Sumner ME, Miller WP (1996) Cation exchange capacity and 
exchange coefficients. In: Sparks DL (ed) Methods of soil analysis 
part 3: chemical methods. Soil Science Society of America, 
Madison, WI 

46. Gaskin JW, Steiner C, Harris K, Das KC, Bibens B (2008) Effect 
of low-temperature pyrolysis conditions on biochar for agricultur¬ 
al use. Trans ASABE 51:2061-2069 

47. Borchard N, Siemens J, Moeller A, Ladd BM, Amelung W, 
Utermann J (2010) Effects on soil properties and biomass by 
biochar from slow pyrolysis, fast pyrolysis and gasification. Paper 
presented at the ASA, CSSA, SSSA 2010 International Annual 
Meeting, Long Beach, CA, 2 November, 2010 

48. Antal MJ, Gronli M (2003) The art, science, and technology of 
charcoal production. Ind Eng Chem Res 42:1619-1640 

49. Keiluweit M, Nico PS, Johnson MG, Kleber M (2010) Dynamic 
molecular structure of plant biomass-derived black carbon (bio¬ 
char). Environ Sci Technol 44:1247-1253 

50. Zimmerman AR (2010) Abiotic and microbial oxidation of 
laboratory-produced black carbon (biochar). Environ Sci Technol 
44:1295-1301 

51. Bridgwater AV (2007) IEA Bioenergy 27th update. Biomass 
Bioenergy 31:VII-XVIII 

52. Joseph S, Peacocke C, Lehmann J, Munroe P (2009) Developing a 
biochar classification and test methods. In: Lehmann J, Joseph S 
(eds) Biochar for environmental management science and tech¬ 
nology. Earthscan, London 

53. Krull ES, Baldock JA, Skjemstad JO, Smernik RJ (2009) 
Characteristics of biochar: organo-chemical properties. In: Lehmann 
J, Joseph S (eds) Biochar for environmental management science and 
technology. Earthscan, London 

54. Mozaffari M, Russelle MP, Rosen CJ, Nater EA (2002) Nutrient 
supply and neutralizing value of alfalfa stem gasification ash. Soil 
Sci Soc Am J 66:171-178 

55. Rogovska NP, Laird DA, Cruse RM, Trabue S, Heaton E 
(2011) Methods for assessing biochar quality. J Env Qual 
(under review) 

56. Cheng C-H, Lehmann J, Engelhard MH (2008) Natural oxidation 
of black carbon in soils: changes in molecular form and surface 
charge along a climosequence. Geochimica et Cosmochimica Acta 
72:1598-1610 


® Springer 



